STOCHASTIC CHAPLYGIN SYSTEMS

SIMON HOCHGERNER

ABSTRACT. We mimic the stochastic Hamiltonian reduction of Lazaro-Cami and Ortega [17, 18] for the case
of certain non-holonomic systems with symmetries.

Using the non-holonomic connection it is shown that the drift of the stochastically perturbed n-dimensional
Chaplygin ball is a certain gradient of the density of the preserved measure of the deterministic system.
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1. INTRODUCTION

Imagine a ball sitting on a rough horizontal table. Because of the roughness of the table this ball -the
Chaplygin ball- cannot slip, but it can turn about the vertical axis without violating the constraints. Its
geometric and gravitational center coincide but there may be an inhomogeneous mass distribution. Suppose
now that the ball is subjected to a Brownian noise such that there is a random jiggling in all of its angular
and translational degrees of freedom. This problem is similar to the stochastic rigid body considered in [18]
but upon imposing the no-slip constraints some differences can be expected. One may wonder if the stochastic
Chaplygin ball will acquire a drift that makes it roll on the table or spin about its vertical axis or both? The
answer to this question is given by Theorem 3.3: The drift follows a Fick’s law in the following sense. The
configuration space of the n-dimensional ball is Q = SO(n) x R"~! and there are n—1 constraints corresponding
to the directions in the table R"~1. By a symmetry reduction argument (compression) one can eliminate the
R™ -factor and the deterministic motion of the ball can be described by the geodesic equations of the so-called
non-holonomic connection V** on SO(n). With respect to this connection one can now show that the process
on SO(n) describing the balls stochastic motion is a non-holonomic diffusion separating into a drift- and a
martingale-term. See Definition 3.2. Theorem 3.3 says that this V"'-drift equals

—sgrad" log N/
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where N is the preserved density (3.5) of the deterministic ball and the gradient is computed with respect to
the kinetic energy metric (3.4) of the ball.

In particular, when the ball is homogeneous there is no drift. Moreover, it is shown in Corollary 3.4 that the
homogeneous ball’s stochastic process factorizes to a Brownian motion on ‘the ultimate reduced configuration
space’ S"! = (Q/R""1)/SO(n — 1). This is in analogy to the corresponding deterministic case where the
motion is Hamiltonian at the ultimate reduced level. (See [12].)

In 3 dimensions the drift —% grad”® log A/ does not have an angular velocity component about the vertical
axis of the ball in the space frame. For dimensions n > 3 it turns out that this property is related to the
Hamiltonization of the deterministic system: If the inertia matrix describing the balls mass distribution satisfies
the Hamiltonization condition 3.7 then the drift does not have an angular velocity component about the vertical
axis in the space frame. On the other hand, the drifts angular momentum about the vertical axis is always 0,
regardless of the dimension or the mass distribution.

Section 2 starts by collecting some definitions and facts from stochastic differential geometry as presented
in [14, 10]. Then we rehearse the basics of the stochastic Hamiltonian mechanics and their symmetries as
introduced in [17, 18]. In Section 2.C these ideas are transferred to describe stochastic G-Chaplygin systems.
It is noticed that the reduction of symmetries, termed compression in this context, works naturally.

In Section 3 this construction is applied to the n-dimensional Chaplygin ball. First some facts about the
deterministic system, such as the preserved measure and Hamiltonization, are recalled. Then the Hamiltonian
construction of [17] of Brownian motion on the configuration space @ = SO(n) x R"~! is reviewed. Section 3.C
makes the constraint forces act on the Brownian motion according to the recipe of Section 2.C. Thus a
constrained stochastic motion is obtained and the above mentioned Theorem 3.3 is found. Finally, we note
that we can also treat the cases of angular jiggling only or horizontal jiggling only. The latter corresponds to
the Chaplygin ball sitting on a table which undergoes a translational Brownian motion. The 3-dimensional
version of this case has been considered in [19].

2. STOCHASTIC CHAPLYGIN SYSTEMS AND REDUCTION OF SYMMETRIES

2.A. Stochastic geometry. We state some notions from stochastic differential geometry. The references we
used here are [10, 14]. See also the appendix of [17].

Let M be a manifold, let (2, F,{F; : t > 0}, P) be a filtered probability space, and let T': Ry x Q — M be
an adapted stochastic process. (We consider only continuous processes.)

The process I is called a SEMI-MARTINGALE if f oI is a semi-martingale in R for all f € C*°(M). See [10,
Chapter III].

The definition of a martingale in M depends upon a choice of a connection. Let V be a connection in
TM — M. Then the Hessian of V is defined by

Hess" (f)(X,Y) = XY (f) — VxY(f)

for X,Y € X(M). This is bilinear in X and Y but not symmetric, in general, since Hess" (f)(X,Y) —
Hess ()(Y, X) = ~Tor™ (X, Y)().

Definition 2.1. A semi-martingale I' : Ry x Q@ — M is said to be a V-MARTINGALE if, for any f € C*°(M),
t
fol,— foly— / Hess" (f)(dLs, dls)ds
0

is a local martingale in R.

In [10, Chapter IV] this is stated in terms of a torsionless connection but it is noted that one can also allow
for connections with torsion, since it is proved ([10, (3.14)]) that fot Hess" (f)(dT', dI's)ds depends only on the

symmetric part of HessY. The situation is similar to the notion of a V-geodesic. This also depends only on
the torsionless part V — %TorV of V.
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Let M and N be manifolds, let (Q, F,{F; : t > 0}, P) be a filtered probability space, and let X : Ry xQ — N

be a semi-martingale. A STRATONOVICH OPERATOR S from T'N to T'M is a family of linear linear maps
S(ay) : TeN — T,M
which depends smoothly on x € N and y € M. In other words, S is a section of T*"N @ TM — N x M. A
Stratonovich differential equation for a semi-martingale I' : Ry x € — M is written as
or = ST, X)6X.

See [10, Chapter VII] for the precise meaning of this equation as well as existence and uniqueness (up to
explosion time) of solutions.

Assume now that N = R x R™ and that X : Ry x Q@ — R x R"”, (t,w) — (¢, Wi(w)) where W denotes n-
dimensional Brownian motion. Let Xy, X1, ..., X, be vectorfields on M and define the Stratonovich operator
S(z,y) : R — T, M, (t,w',... w") — tXo(y) + Zw' X, (y).

Let f € C°°(M). Then fol : Ry x Q — R satisfies
5(foT) =df(I").S(X,T)6X = df(T").Xo(I)ot + S df (T). X;(T)6W*.

Hence T" defines a diffusion in M by [14, Capter V, Thm. 1.2]. The generator of this diffusion is the second
order differential operator A given by

Af =Xof + 52X Xi f
where f € C™(M).

Definition 2.2. If M is equipped with a Riemannian metric g and A is the associated Laplacian then the
diffusion is called BROWNIAN MOTION in (M, u) if

A=1A

This definition agrees with the one given in [10, (5.16)] or [20, (8.5.18)] but differs slightly from the one in
[14, Chapter V, Def. 4.2] where it is required that n = dim M.

2.B. Stochastic Hamiltonian systems. This section presents some of the concepts elaborated in [17, 18].

Let again N = R" and consider a Poisson manifold (M, {.,.}) together with an R"-valued Hamiltonian
function h = (hy,...,hy) : M — R™. Let X : Ry x Q@ — R” be a semi-martingale. The associated stochastic
Hamiltonian system is given by the Stratonovich equation 6T' = S(X,T')0X where S is defined in terms of the
Hamiltonian structure, that is,

S(z,y) : R" — T, M, (2',...,2") — > Xy, (y)2"
where the Hamiltonian vectorfield X}, is the vectorfield corresponding to the derivation {h;,.}. When (M, w)
is a symplectic manifold then one uses the Hamiltonian fields defined by (X}, )w = dh;.

These systems allow for a symmetry reduction analogous to classical mechanics. We state the symplectic
version of this theorem of [18, Section 6]:

Theorem 2.3 (Stochastic Hamiltonian reduction). Let (M,w) be a symplectic manifold with Hamiltonian
h: M — R™ and stochastic component X as above. Assume that (M,w,h) are invariant under the free and
proper action of a Lie group G such that a coadjoint equivariant momentum map J : M — g* exists. Fiz a
level A € g*.

Then J=Y(X\) is invariant under the flow of S. Moreover, S induces a Stratonovich operator Sy from TR™
to T(J7Y(N)/Gy) and solutions of S with initial condition in J~*()\) project to solutions of Sx. The induced
operator is given by

S)\(x7y0) : (xlv s 7xn) — ZXh? (yO)xl
where © € R™, yo € J~Y(\)/Gx and X, is the Hamiltonian vectorfield with respect to the reduced symplectic
form on J=Y(X\)/Gx of the induced function h?.
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2.C. Stochastic G-Chaplygin systems. A (deterministic) G-Chaplygin system consists of a Riemannian
configuration manifold (Q, u), a Lie group G acting freely and properly by isometries on (@, 1), and a horizontal
space D of the principal bundle 7 : Q@ — Q/G. Hence D is the kernel of a connection form A : TQ — g. The
Lagrangian of the system is the kinetic energy, i.e., L(q,v) = $14(v,v). In general, D is not p-orthogonal to
the vertical space ker T'r. We will henceforth identify T'Q) = T*(Q via u. See also Section 4.

Let Jg : TQ — g* denote the standard equivariant momentum map associated to the lifted G-action on T'Q.
Given a G-invariant function h : T'QQ — R one may use Noether’s theorem to conclude that the Hamiltonian
vectorfield X, is tangent to J;'(0) and, moreover, is projectable for J5'(0) — J5'(0)/G = T(Q/G). This
is why results such as Theorem 2.3 work. Since D is a perturbed version of J 1(0) we look for a substitute
construction.

Consider the horizontal space associated to the pulled back connection 7" A = Ao T7:T(TQ) - TQ — g
of the tangent lifted G-action on T'Q),

F:=kertT" ACTTQ.
By assumption D is also G-invariant. Thus we can consider the restricted G-action on D and the associated
connection t*7* A : TD — g where ¢ : D — T'Q is the inclusion. Define

C:=kert* " A=FNTDCTD

to be the horizontal space of the principal bundle D — D/G = T(Q/G)
According to [1] we can decompose TTQ along D as

TTQ|D =C @ C?

where C is the Q-orthogonal of C in TT'Q|D. This implies that the fiber-wise restriction of 1*Q to C x C is
non-degenerate. For z € D define the projection

(2.1) P, T.(TQ) —C,

where we project along C!. Moreover, for a k-form ¢ on TQ we denote the fiber-wise restriction of *¢ to II*C
by ¢¢. For a function h : TQ — R we may thus define the vectorfield X¢ on D with values in C by the formula

(2.2) P.Xy(2) = ()71 (dh)S =: X} (2)

where z € D. The link to to the non-holonomic system introduced above is the following: Via the Legendre
transform the dynamics of the non-holonomic system (Q,D, L) can be equivalently described by the triple
(TQ,0° H = $u(p,p)) together with equation (2.2). Thus the Lagrange multipliers have been encoded in the
two-form QC or, equivalently, in the projection P : T(T'Q)|D — C. The idea is that a non-holonomic system is
a Hamiltonian system acted upon by constraint forces. The effect of the forces is described by the projector
P:T(TQ)|D —C.

In addition to this structure consider now a semi-martingale X : R, x © — R™ and a Hamiltonian function

h = (h;); : TQ — R™ as above. The associated stochastic non-holonomic system is given by the Stratonovich
equation 6I' = S¢(X,T)0X where the Stratonovich operator S¢ : R" x D — Hom(TRY,C) is given by

(2.3) S¢(n,2) :R" — C., (xt,...,2") — S.P. X}, (2)z' = ZXSZ (2)x".

Thus the non-holonomic Stratonovich operator arises, by applying the constraint forces, as a projection of the
Hamiltonian Stratonovich operator into C. When the h* are G-invariant we refer to the collection (Q,D,h =
(hi)i, X) as a stochastic G-Chaplygin system.

Proposition 2.4 (Compression of stochastic G-Chaplygin systems). Let (Q,D,h = (h;);, X) be a stochastic

G-Chaplygin system with Q€ as above. Then the Stratonovich operator (2.3) compresées to a Stratonovich
operator 8™ from TR™ to D/G = T(Q/G) which is given by

S™(n,20) 1 R" — Ty, (T(Q/G)), (a,...,a") — X} (2)a’

where zo € T(Q/G) and h? : T(Q/G) — R is the function induced on the quotient from the invariant function
t*h;. Moreover, solutions of (2.3) project to solutions of S™.
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Proof. Everything is entirely analogous to the proof of [18, Theorem 6.7] with the only difference that now one
uses Proposition 4.1 instead of the usual symplectic reduction theorem. O

We think of 6T' = S"?(X,T)0X as the equations of motion of the system (Q, D, h, X).

Proposition 2.5 (Ito representation). Let f € C®(T(Q/G)). Then the Ito representation of the equation
§(fol) =8 (X, fo r)ax is

ZX I)dX’ + ZX ¢ X0 f(D)[dXY,dX]

where X* = prt o X.

Proof. This follows exactly as in the proof [17, Proposition 2.3]. It is only necessary to notice that this proof

does not depend on whether or not the non-holonomic bracket X;h f =g, f}" = —{f, g}"" satisfies the
Jacobi identity. The only property of the Poisson bracket which is used in [17, Proposition 2.3] is the Leibniz
rule and this feature is evidently shared by the non-holonomic bracket. O

3. THE STOCHASTIC CHAPLYGIN BALL

3.A. The deterministic system. For background on the Chaplygin ball we refer to [6, 8, 9, 11, 12, 16]. The
configuration space of Chaplygin’s n-dimensional rolling ball is Q = K x V where K = SO(n) and V = R"~1.
The no-slip constraints are given by the distribution D = (A + pry)~1(0) C TQ where

«42277“69%

where eq,...,e,_1 is the standard basis on V and we stick to the following conventions:! TK = K x ¢
is trivialized via left-multiplication and ¢ is equipped with the Ad-invariant inner product (.,.).2 Let H =
SO(n — 1) C K be the stabilizer in K of the n-th standard vector e, such that H acts on V in the natural
way. We decompose £ = h @ h* with respect to the Ad-invariant inner product (.,.) on €. With respect to this
inner product we introduce an orthonormal system

Yo, a=1,...,k=dimbhand Z,,a=1,...,n—1

on £ such that Y, € h and Z, € h*. Associated to this basis we define the right invariant vector fields &, and
(o In the left trivialization these read

£a(5) = Ad(s™1)Y, and Co(s) = Ad(s~1)Z,
Dually we introduce the corresponding right invariant coframe

& = <§a7~> and 77a = <<a7->-
The Lagrangian is the function

L:TQ=KxtxTV —R, (s,u,z,2") — L (Tu,u) + 3 (', z').

where I is the inertia matrix in body coordinates. The rolling ball with the no-slip constraint is the non-
holonomic system described by the data (Q,D, L) where the equations of motion follow from the Lagrange-
d’Alembert principle. However, we will not have much use for the Lagrange function below since we will only
perturb the resting ball. Note also that we overload the symbol (., .) by using it for the Euclidean inner product
on V as well as for the Ad-invariant structure on £.

From a structural point of view the decisive feature of the Chaplygin ball is that its constraints are given
by a connection pry + A : TQ — V on the (trivial) principal bundle V- — K x V — K where V acts on
itself by addition. Thus D is the horizontal space of this connection. However, D is not p-orthogonal to
the vertical space of the bundle. The fact that the system is non-holonomic is reflected in the non-flatness,
Curv? = dA # 0.

Hn Section 2.C it was the connection form A + pry which was called A.
2The space X1, (K) of left invariant vectorfields and the Lie algebra € will also be identified without further notice.
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Compression of the Chaplygin ball system yields the almost Hamiltonian system (TK, Qup, He) where Q)
is described in Proposition 4.1, TK and T K are identified via the induced metric

(3.4) pro(ur, ug)s = (Tug, ug) + (As(ur), As(uz)) = (T+ ALAs)ur, u2),
and H. = % to(u, u)s. The metric ug is the sum of a left invariant and a right invariant term. Thus it constitutes
an L + R-system, see [15]. Note the useful formula A*A(u) = > ((a, u)Ca-

The compressed system (TK, Qup, He) is further invariant under the lift of the left multiplication action
of H on K. Physically this corresponds to rotation of the ball about the e,-axis in the space frame. This
is an inner symmetry and gives, by the non-holonomic Noether theorem, rise to a conserved quantity. This
quantity is just the standard momentum map Jg : TK — §* = b, (s,u) — >_p%(Iu)Y,, of the (co-)tangent
lifted H-action on TK.

The Chaplygin ball shares an important feature with Hamiltonian systems. Namely, it possesses a preserved
measure ([6, 11]). At the compressed level -the T'K-level- the density N : K — R of this measure with respect
to the Liouville volume on TK is

(3.5) N (s) = (det po(s)) 2.

This function plays the central role in all questions of Hamiltonization of the system. Note that A is H-
invariant and thus descends to a function N' : K/H = S"~! — R. For further reference we also record
that

(3.6) d(log ') = Y([1g " Cas Cal, Go1"-

In [12] it is proved that €, can be replaced by Q= 0F — %qua,gb],,)na A nb without altering the
equations of motion, that is, i(X} ) = Z(X;}(}l)ﬁ = dH,. Now the new system (TK, €2, H.) has the same
dynamics but has the advantage of being liable to reduction with respect to the internal symmetry group H:
Let Jg : TK — h* be the momentum map introduced above, A € §* and ¢ : J;'(\) — TK the inclusion.
Then ¢*Q descends to an almost symplectic two form €2, on Jg (\)/Hy. (¢*Qup is not horizontal for the
projection onto J;'(\)/Hy.) In this way one can recover the Hamiltonization of the 3-dimensional ball of
[4, 5]: Tt is shown in [12, Proposition 4.4] that d(N'Qy) = 0 if n = 3. Thus, for n = 3, the rescaled vectorfield
N-1X3P is Hamiltonian with respect to (J;'(A)/Hy = TS2, NQy, He). Moreover, the homogeneous ball,

I = 1, is Hamiltonian at the J;;*()\)/Hx-level for any dimension n. It is interesting to notice that none of these
statements hold at the T K-level.

In [13, Section 4.A] the following Hamiltonization condition is proved for arbitrary dimension n: Let A =
0 € h*. Then d(N Q) = 0 if and only if

(3.7) (n = 2) g Ca, 1€, Cel) = D20 (kg Cas [Gb: Caldea — [Cer Calda)
which is an algebraic condition on I. For n = 3 this condition is trivially satisfied. In the stochastic context

this condition appears in Theorem 3.3 below.

3.B. Brownian motion on the configuration space. We follow [17] to construct Brownian motion on
Q = K x V. Let V* be the Levi-Civita connection of

M((u’ x/)’ ('va/)) = <HU’U> + <xl7yl>'
Thus for u,v € € we have
Vi = (Vy0,0) = (2[u,v] + 317 ([u, Iv] + [v,Iu]), 0)

where V! is the Levi-Civita connection of the left-invariant metric defined by (L., .) on K. Note that we identify
¢ via (.,.) whence I : ¢ — #* = ¢. Let

Vlynvey U, m=dimt = %n(n—l)

denote a basis which is orthonormal for (I.,.). Thus v1,...,0m,€1,...,e,—1 is a left invariant frame on @
which is orthonormal with respect to the left invariant metric p. (Remember that we identify T'Q) and T*Q
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via p.) Let the functions Hy, H;, F, : TQ — R be given by
(3.8) Ho(s,u,z,2") = —%(I[u,zvgivz), Hi(s,u,z,2") = (Iu,v;), and F,(s,u,z,z") = (2’ e,).
Consider the semi-martingale

X: Ry xQ —RxR™ xR (t,w) — (t, B}(w),..., Bl"(w), WHw),..., W/ Hw))

where B, W are m +n — 1 independent Brownian motions. The Stratonovich stochastic differential equation
which is associated to these data is

(3.9) 6T = SHam (X T)6 X
where the Stratonovich operator from T(R x R™ x R"™!) to TK x TV is defined by
SHam (s s u, 2 ) (8,00, 0wt w T = X (s, u, @, 1)+ S X (s, u, 2, )b+ S X (s, u, 2,2 )w®

with X denoting the canonical Hamiltonian vectorfield of a function H : T'(Q — R. Using the Ito repre-
sentation of this equation [17] show that the solutions T' project via 7 : TQ — @ onto Brownian motion on
Q.

Using again the setting of [17] and Theorem 2.3 it is easy to see the following. Consider the V-action on @
as above. Let J;,'(0) = {(s,u,x,0)} be the 0-level set of the standard momentum map Jy : TQ — V* =V
of the lifted V-action on T'Q). Then the Stratonovich equation (3.9) induces a Stratonovich equation 6Ty =
So(X,T9)dX on J;;'(0)/V = TK and solutions I' with initial condition in J;,'(0) project onto solutions I'y.
Moreover, 7 o I'y is a Brownian motion on K where 7 : TK — K.

When we regard D as perturbed version of J;, 1(0) we can ask how much of this observation remains true?
This is the content of Section 3.C.

3.C. Constrained Brownian motion and compression. We now force the Brownian motion on @ to
satisfy the constraints induced by D. In accordance with Section 2.C we do so by applying the constraint
forces to the Stratonovich operator from (3.9). Thus we are concerned with the equation 6I' = S"™'(X,I")6 X
where X and Hy, H;, I, are as above and

S¢(n,z) = P.S"*™M(n,2) :Rx R™ x R"™ ' — C, C T.D

where P was defined in (2.1) and z = (s,u,z, —As(u)) € D. The functions Hy, H;, F,, are V-invariant and
compress to functions hg, h;, f, given by

ho(s,u) = Ho(s,u,, —As(u)) = —5p((u, —As(u)), YV v;)
= —3(u, YV, 05) = —Fp0(u, g TV, 09),

hi(s,u) = (T, vi) = po(u, g o),

fa(s,u) = —(A(u), ea) = —po(u, 15 " Ca(s))-

Notice that hg and h; are left invariant while the f, are right invariant. The compressed non-holonomic
Stratonovich operator is now of the form

S"™(ny s, u)(t, b, ... 0wt w ) = X}L‘é‘(s,u)t + ZXﬁfl(s,u)bi + ZX}T(S, w)w®.

We think of solutions of 6T' = S"»(X,T)§X as non-holonomic diffusions. This is in analogy to [2, Chapter V]
where Hamiltonian diffusions are considered in a similar manner.

For a function f € C*°(K), viewed as a function on TK via pull-back, we have
(3.10) Xt (f) = —=df ug "IV vi, Xp2(f) = dfpg ' Tvg, and XP2(f) = —df g ' Ca-

Let T' be the solution semi-martingale to 6T' = S™(X,T)dX and let 7 : TK — K be the projection. Then
7 oI solves

§(rol) =T7.0T = —Lpug "IV, vi(T o 1)t + > g 'Tog (1 o T)SB' — > g ' Ca(rT 0 D)W,
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According to [14, Chapter V, Theorem 1.2] this means that the semi-martingale 7 o I' defines a diffusion in K
whose generator is the second order differential operator

(3.11) — g ISV vy 33 (g o) (g M Tvg) + 237 (kg M Ga) (1 Ca)-

To identify the drift of the diffusion 7oI" a connection is needed. We introduce the non-holonomic connection
which is explained in [7, Section 5.1.1]:* Let Pr* : TQ — D denote the projection onto D along the u-
orthogonal D* of D. Note that D* # ker T'r where 7 : Q — K is the projection. Let hl™ : X(K) — X(Q;D),
WA(s, z)(u) = (s,u,z, —Ay(u)) be the horizontal lift map associated to A. Given X,Y € X(K) the non-
holonomic connection is prescribed by
(3.12) VRY = TPV,  (hY).

This connection is metric, i.e., V™ uo = 0, and its geodesic equations are exactly the equations of motion of
the non-holonomic system described by (T K, Qu,, H.). However, in general, V™! will have non-trivial torsion.

Lemma 3.1. For u,v € ¢ = X (K) we have
Vi — g (190 + A" Afu, )
1 1

where Viv = 3[u,v] + 317 ([u, Tv] + [v,Tu]). Its torsion is given by Tor™ (u,v) = pg ' A* Alu, v].

Note that V11'y is not left invariant any more. At the compressed level the equations of motion of the
Chaplygin ball write as u’ + g '[u,Tu] = 0. In 3D this corresponds to [8, Equation (3.5)].

Proof. For u,v € £ we need to compute
PrVE, g (v, —Av) = Pr* (Vv — u.Av) = Pr* (Vv — Afu,v)).
Now note that (w, X) € D* if and only if w = I71.4* X. We have to solve
0=A(Vov+T A X) — Alu,v] + X
for I71A*X. The solution is found to be given by pol "t A*X = A*A([u,v] — VLv). Therefore,
(3.13) Vi = Vo 4 g P A* A([u, v] — Vi) = pg LA* Alu, v] 4 pg 1TV v.

Recall that the Hessian of V™" is defined by
Hess""(f)(X,Y) = XY (f) = VXY (f)
for X,Y € X(K) and f € C®(K).
Let f € C®(K) and 6I' = S""(X,T)X. By Proposition 2.5, equations (3.10) and [dB?,dB7] = §*/dt,
[dW e, dW?] = §%Pdt, as well as [dB*,dW?] = 0 we have the Ito equation
d(f oT) = (= 5o "IV, vi + 5350 (Ho Tvi) (kg ' Tvi) + 330k Ca) (g ' Ca)) f ()t
+ (g o) fF(D)AB = Yt Ca) f(D)AW®
= (= 300 IEVyvi+ 5V (g Tog) + 53Vl (s Ca)
LY Hess™ (g Mo, 1 Toy) + L3 Hess™ (15 o, i3 '€0)) F(T)dE
+ 32 i) f(D)AB' = Y (g ' Ca) (D) AW,

which also confirms (3.11). Having split the generator into first and purely second order part it makes sense
to say what we mean by drift.
Definition 3.2. The vectorfield

3t TSV, 0 4 3V, (g o) + 5V (115 Ca)

is called the DRIFT of the diffusion 7 o I" with respect to V™!,

3Contrary to [7] we only use the projected version of the non-holonomic connection.
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Note that 7 oI is a V* -martingale if and only if the V'-drift vanishes. See also [10, Theorem (7.31)].

Theorem 3.3. Let I' be a solution of the Stratonovich equation 6T = S™(X,T)6X and let 7 : TK — K be
the projection.

(1) Then, with respect to the non-holonomic connection V™ introduced in (3.12), the semi-martingale 7o'
defines a diffusion on K whose drift is the gradient —fgrad“O (log N') where N is the density function
defined in (3.5).

(2) The drift —Sgrad® (log N) is horizontal with respect to the mechanical connection, Hor™*h = (ker Tk )Mo+,
on the principal bundle k : K — K/H = S™~1. If 1 satisfies the Hamiltonization condition (3.7) then the
drift is also horizontal with respect to the principal bundle connection Y p* @Y, : TK — b on k : K —
K/H.

Ttem (2) means that the drift’s component of angular momentum about the vertical axis in the space frame
vanishes, and when the Hamiltonization condition holds then the same is true for the component of angular
velocity about the vertical axis. For n = 3 this condition is always satisfied.

Corollary 3.4. Let I' be a solution of the Stratonovich equation 6T = S™™(X,T)0X and let 7 : TK — K and
k: K — K/H = S""1 be the obvious projections. Suppose that T =1 (i.e., the ball is homogeneous).

(1) Then T oT defines a martingale in K with respect to the non-holonomic connection.
(2) The process ko7 ol is a Brownian motion on S"~' whose generator is % times the Laplacian of v, where
v is the metric on S"~1 induced from the left H-invariant metric po = ((1+ A*A).,.) on K.

Note that the restriction of g to Hor = Hor™*™® = span{(,} equals twice the restriction of the biinvariant
metric. This corollary is intuitive but nevertheless not obvious since the dynamics at the compressed level can
never be described by a Hamiltonian reduction procedure. This is because A is not the mechanical connection,
even if the ball is homogeneous. (Compare with [12, Corollary 4.3].) Thus it does not fall in the category of
17, 18].

For reference we note the formula
(3.14) v.pio () = 0.3 (Car w)la = 3 (Cas [0, u])Ca — D2(Cas ) [v, Ca] = A" Afv, u] — [v, A" Au].

Proof of Theorem 3.3. Let f € C°°(K) which we regard via pull-back as a function on TK. According to
Definition 3.2 we need to show that

(3.15) — g "IV v + EV“h 11, (Ko Tv;) + ZV“}‘ (,ualﬁa) = —grad"’(log V).
Claim:
(3.16) ZVTilM(ual]Ivi) = pg "IV, v; — grad” (log \V).

Indeed, we use (3.14) and the fact that v = > (Iv;, u)v; to see that

Zvn_% (1o Tvg) = > (T Ty, v3) (T g, o) Vilog 4+ S (Tpg i, v5) (v5.-(Tpg  Toi, vg) o,
= Ymo g i, Tug ' Tog] + (g vy, vy) (T [v, A" Apg ' Tvi], v Yo
=M 1[# v, Lpng o] + Z#o o v, A* Apg ;]
= >hg g i, Tvg)
= pg  vi Ti] = Yopg g ' A* Awy, Ty

where we use Malﬂ =1- uglA*A in the last equation. Notice that [v;, Tv;] = ]IV]II)I_ v;. For the gradient part of
claim (3.16) we consider

<Z[/‘61‘A*‘Aviv ]Ivi]v Cb> = _Z<]Ivi7 [M61<Cav Ui>Cav Cb]> = _Z<<av <]Ivi7 [/Jalgzv Cb]>'Uz>
= Z<[/~L61C¢zv Ca]a Cb> = d(logN)Cb



10 SIMON HOCHGERNER

by (3.6). Similarly it is true that (3 [ug ' A*Avy, Tv], €0) = S2{[1g *Cas Cal, €a). Using the property [Z,, Y] =
da.0Zc — 0a,c 2y With Yy, = [Zy, Z,] it is easy to see that
(19" Car Cals &) = (g " Cor Ce) = (g ' Ces Go) = 0,
Thus S gy 1 "A* Avi, Tvg] = g P32 (d(log N)G) G = grad™ (log N) and claim (3.16) follows.
Claim:
(3.17) Vitic (1o Ca) =0.
Again we use (3.14) to see that
Vit (g Ca) = pg g Ca Tptg * Cal + 32(T05 11 Ca) (05-(Tvk, 19" Ca) ) v
= t1g 1o Car T ' Cal + 22 (T0j, g o) (Tog, prg g, A" Aprg Gl v
= 2AIvj, g Ca) v g [0, Galon
= o 1o G Trtg " Cal + 11g  [pig " G A" bt Cal = 11g g Cas Cal
=0.
Now (3.16) and (3.17) imply (3.15) which shows part (1) of the assertion.
For (2) one checks that (3.7) yields, for &, = [(., Cal,

(grad™® (log N), &) = >~ (g [Ce» Cal, ([0 Car Cal b))
=31 Ces Cals Co) (g " Cas [Cas Col)

= (1o "Cas [Ces Cal) (g Ces [Ces Cal) (= 2) + (g Ces [Ces Cal) (g Cas [Cas Cel) (m — 2)
=0

where we also have used that 3 ([ug " Cas Cal, €a) = 0. O

Proof of Corollary 3.4. Part (1) is clear.

Concerning part (2) let f € C°°(S"~1). According to Definition 2.2 we should to show that the generator

(3.11) satisfies
(520 (kg o) (g ' vi) + 532 (Hg ' Ca) (g ' Ca) ) K™ f = 3K7A"f
where A" is the Laplacian associated to v. Indeed, we find 33 (15 0:) (g 'vi) s f 4+ 33" (1o ' Ca) (g " Ca)w* f =
218" CaCak™ f. Now {%Ca} is a horizontal orthonormal frame for po|(Hor x Hor) where Hor is the pp-orthogonal
to ker T'k. Therefore,
12 CaCar™ f = 3 Ta" " Hess"* (v" f) = 3r* A" f

where Tr"" denotes the trace computed with respect to horizontal fields only and Hess"® is the Hessian of the
Levi-Civita connection on (K, up). The equation (,(.k* f = Hess"® (k* f)(Ca, (o) is justified by the observation
that V’gf Co = 0 where V#0 is the Levi-Civita connection of the right invariant metric p9. (In fact, the restriction
of V! to Hor x Hor equals the restriction of V#0.) O

In the homogeneous case the above construction yields a Brownian motion on S”~! in a manner similar to
the one described in [14, Chapter V] by the notion of rolling the sphere S"~! along a Brownian motion in R"~!
by means of the Levi-Civita connection. The difference is that [14] start from Brownian motion in R"~! while
we started from Brownian motion in R™ x R"~! with m = dimso(n) = w One can recover the setting of
[14] by setting (Ho, Hy, ..., Hy,) =0 in (3.8). Then, with T = 1, we obtain a diffusion o7 o I" which is driven

by Brownian motion (W?,..., W"~1) in R"~! and the generator of which is given by
22210 o) (g "Ca)r™ f = 5R7AY f
where f € C*°(S™"~1). Referring to the interpretation stated in the introduction this means that the Chaplygin

ball is subjected to horizontal jiggling but there is no angular jiggling. Equivalently, the ball sits on a table
which undergoes a translational Brownian motion. Compare [19]. Alternatively, we can set (Fi,...,F,_1) =0
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in (3.8). Then there is only angular jiggling and the diffusion 7 o ' is driven by (B!,..., B™). By (3.17) the
drift remains the same as in Theorem 3.3.

It seems that the notion of a stochastic non-holonomic system has been hardly investigated in the literature.
We finish by asking the following questions.

(1) Does an analog of Theorem 3.3 hold for general G-Chaplygin systems when there is a preserved measure?
What can be said about the drift if there is no preserved measure?

(2) Which is the precise relationship between G-Chaplygin systems with preserved measures and measure
preserving ‘Chaplygin diffusions’? Preservation of measure by diffusions is studied in [14, Chapter V].

(3) Is there a time change or Girsanov type argument to eliminate the drift in Theorem 3.3 or to make it even
a Brownian motion? Is this related to the Hamiltonization of the deterministic problem?

4. APPENDIX: G-CHAPLYGIN SYSTEMS AND SYMMETRY REDUCTION

The purpose of this appendix is to shortly introduce and motivate the notion of a G-Chaplygin system and
to state Proposition 4.1 which explains the symmetry reduction of such systems. This reduction is termed
compression (]9]) to distinguish it from symplectic reduction. These concepts are closely related and compres-
sion can be viewed as a perturbed version of its symplectic counterpart. At the same time, however, there
are fundamental differences; symmetries behave differently in non-holonomic mechanics and do not necessarily
give rise to conserved quantities, and there need not exist a preserved measure ([7, Section 5.4]); all this is
related to the question of closedness of the form Q,y defined in Proposition 4.1. See [1, 3, 7, 9, 12].

A non-holonomic system is a triple (Q,D, L) where @ is a configuration manifold, L : TQ — R is a
Lagrangian, and D C T'Q is a smooth non-integrable distribution which is supposed to be of constant rank.
The equations of motion for a curve ¢(t) which should satisfy ¢’ € D are then stated in terms of the Lagrange
d’Alembert principle. Suppose there is a Riemannian metric g on @ such that we have an isomorphism
TQ = T*Q and assume that L is the kinetic energy Lagrangian. In this case there is also an (almost)
Hamiltonian version: continue to use the symbol p to denote the co-metric and consider the Hamiltonian
H(q,p) given by the Legendre transform of L. Since D is of constant rank there is a family of independent
one-forms ¢® € (Q) such that D is the joint kernel of these. In terms of coordinates (¢°,p;) the equations of
motion are

(¢") = G5t and p} = — G2t — 3" Xad" (557)

where the A, are the Lagrange multipliers to be determined from the supplementary condition that u(¢®, p) = 0.
With X7C-L := (¢, p’) we may thus rephrase the equations as

(4.18) i(X$)Q = dH + S Ao ¢"
where 2 = —d# is the canonical symplectic form on T*Q and 7 : T*Q — @ is the footpoint projection. (The

notation X% will become clear below.)

Let G be a Lie group that acts freely, properly and by isometries on the Riemannian manifold (Q, 1). A G-
CHAPLYGIN SYSTEM is a non-holonomic system (Q, L = %H . Hi, D) that has the property that D is a principal
connection on the principal bundle @ — @/G. Thus D is the kernel of a connection form A : TQ) — g. Notice
that we do not require A to be the mechanical connection associated to u.

Consider C and Q€ as defined in Section 2.C. Since X7C_l is, by construction, tangent to M and takes values
in C one may now rewrite the equations of motion (4.18) in the appealing format

i(X5)0° = (dH)°

where (dH)C is the restriction of t*dH to C with + : D < TQ being the inclusion.

Let pp denote the induced metric on S := /G that makes 7 : @ — S a Riemannian submersion. Identify
tangent and cotangent space of @) and S via their respective metrics. Consider the orbit projection map

p:=Tn|D:D—-»D/G=TS.
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We may also associate a fiber-wise inverse to this mapping which is given by the horizontal lift mapping h14
associated to A. As already noted in Section 2.C, t*7* A : T'D — g defines a principal bundle connection for p,
whose horizontal space is given by C.

Proposition 4.1 (Compression). The following are true.

(1) QF descends to a non-degenerate two-form Qu, on TS.

(2) Qun = Qs — (Jg o hlA,TgCurvA>. Here Qg = —dfg is the canonical form on TS, Jg is the momentum
map of the tangent lifted G-action on T'Q, Curv? € 02(S,g) is the curvature form of A, and 75 : TS — S
is the projection.

(3) Let h: TQ — R be G-invariant. Then the vectorfield

X§ = (Q°) "1 (dh)°,
where (dh)€ is the restriction of t*dh to C, is p-related to the vector field X}Zé‘ on T*S defined by
{(X 3 Qun = dho

where the compressed Hamiltonian, hg : T*S =TS — R is defined by hg := hoto hlA, with hl* denoting
the horizontal lift mapping.

In general, ), is an almost symplectic form, that is, it is non-degenerate and non-closed. See [1, 9, 12].
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